Polyribosomes of animal cells can be separated into two populations, those associated with the endoplasmic reticulum (membrane-bound polyribosomes) and those free in the cytoplasm (free polyribosomes). Evidence from numerous studies (1-11) suggests that secretory proteins are synthesized primarily on membrane-bound polyribosomes, whereas cytosol proteins are synthesized primarily on free polyribosomes. From these studies it has been concluded that mRNAs for secretory proteins are compartmentalized inside the cell. In certain cases, however, these distinctions have been found not to be absolute, because both secretory and intracellular proteins can be synthesized on membrane-bound polyribosomes (12) (13) (14) (15) (16) .
Polyribosomes of animal cells can be separated into two populations, those associated with the endoplasmic reticulum (membrane-bound polyribosomes) and those free in the cytoplasm (free polyribosomes). Evidence from numerous studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) suggests that secretory proteins are synthesized primarily on membrane-bound polyribosomes, whereas cytosol proteins are synthesized primarily on free polyribosomes. From these studies it has been concluded that mRNAs for secretory proteins are compartmentalized inside the cell. In certain cases, however, these distinctions have been found not to be absolute, because both secretory and intracellular proteins can be synthesized on membrane-bound polyribosomes (12) (13) (14) (15) (16) .
In previous studies, we have examined the synthesis of albumin (a secretory protein) and ferritin (an intracellular protein) in liver membrane-bound and free polyribosomes, as well as their respective RNA extracts. With native liver polyribosomes, 5-to 6-fold differences were found in the percentage synthesis of the complete polypeptide chains for these proteins in these two polyribosomal subpopulations (11, 17) . These results agreed with those of other investigators (5, 7, 12) and were consistent with an interpretation that the mRNAs for these proteins are compartmentalized within the liver cell. However, when RNA extracts from the same preparations of membrane-bound and free liver polyribosomes were translated in a reticulocyte cell-free system, little difference was found in the synthesis of either albumin or ferritin (17) . These results were not consistent with mRNA segregation and raised the possibility that nontranslated mRNAs for ferritin and albumin were present in membrane-bound and free liver polyribosomes, respectively. They further suggested that the concentration of a given mRNA in a mixed mRNA preparation may not be the sole factor in governing translation of that mRNA.
More recently, it has become clear that various factors or conditions may influence in vitro translation of specific eukaryotic mRNAs (18) . Therefore, we developed techniques that have allowed us to use molecular hybridization to deter- 0900 and 1000, and both membrane-bound and free liver polyribosomes were prepared according to the procedure of Ramsey and Steele (19) . Briefly, livers were perfused with 250 mM sucrose/5 mM MgCl2, homogenized in 250 mM sucrose/10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), pH 7.4/75 mM KCl/5 mM MgCI2/3 mM glutathione, and centrifuged at 131,000 X g for 12 min to separate the larger particulate fraction from free polyribosomes and cell sap. The particulate fraction was resuspended in cell sap containing 250 mM KCI and rehomogenized; membranebound polyribosomes were separated from nuclei and other particulate matter by centrifugation at 1470 X g for 5 min. A 1/h volume of 13% (wt/wt) deoxycholic acid was added to the post-nuclear supernatant fraction to solubilize membranebound polyribosomes. Both membrane-bound and free polyribosomes were purified by centrifugation through discontinuous sucrose gradients as described by Ramsey and Steele (19) . With this technique, approximately 95% of total cytoplasmic ribosomal RNA is recovered in membrane-bound and free polyribosomes.
Preparation of Cell Sap. One volume of homogenizing buffer was added to pooled livers that had been perfused as described above. After homogenization, the material was centrifuged at 17,000 X g for 10 min in a Sorvall RC5 centrifuge with the HB-4 rotor at 40. Pelleted material was discarded and the supernatant fraction was recentrifuged at 368,000 X g for 95 min in a Beckman 65 rotor at 40. The cell sap was harvested from the upper three-fourths of the supernatant fraction, excluding the lipid layer, and adjusted to 250 mM KCI for use as an RNase inhibitor.
Polyribosome Profile Analysis. Sucrose gradient analysis of membrane-bound and free polyribosomes was performed by diluting -10 A20 units of polyribosomes in 400 JAI of homogenizing buffer without sucrose. This material was layered over a 12-ml 10-40% (wt/vol) exponential sucrose gradient Abbreviation: NaDodSO4, sodium dodecyl sulfate. (20) . Poly(A)+ RNA was prepared from total RNA extracts of membrane-bound and free polyribosomes by oligo(dT)-cellulose chromatography (20) . RNA was resuspended in 10 mM Tris-Ha, pH 7.4/0.5% sodium dodecyl sulfate (NaDodSO4) and heated to 65°for 5 min. The RNA solution was then cooled rapidly by addition of an equal volume of I M NaCl (4°). This material was placed over a 3-ml packed oligo(dT)-cellulose column. The column was washed extensively with 0.5 M NaCI/10 mM Tris-HCI, pH 7.4/0.5% NaDodSO4 .and then with 0.1 M NaCl/10 mM Tris HCI, pH 7.4/0.5% NaDodSO4. Poly(A)+ RNA was eluted from the column with 10 mM Tris-HCI, pH 7.4/0.5% NaDodSO4. (20) . The major steps in this procedure include immunoprecipitation of polysomes containing albumin nascent chains, isolation of polyadenylylated RNA from these polyribosomes by phenol extraction and oligo(dT)-cellulose chromatography, and subsequent purification of albumin mRNA by controlled molecular hybridization with albumin-sequence-enriched cDNA-cellulose (20) . The isolated albumin mRNA was then transcribed into albumin [3H~cDNA as described (20) . at 450 for 30 min. Trichloroacetic acid-insoluble material was collected on nitrocellulose filters. The filters were washed three times with 5% trichloroacetic acid, dissolved in 10 ml of Bray's solution (New England Nuclear), and assayed for radioactivity by liquid scintillation spectroscopy.
RESULTS
Isolation of Free and Membrane-Bound Polyribosomes. Because our goal was to determine quantitatively the amount of albumin mRNA in membrane-bound and free polyribosomes, it seemed particularly important to utilize isolation procedures that would provide high yields of undegraded polyribosomes. Recently, Ramsey and Steele (19) developed such methods and as shown in Table 1 , we obtained excellent yields of polyribosomes with these techniques. Membranebound polyribosomes comprised 75-80% of total hepatic polyribosomes. Sucrose gradient centrifugation established that the polyribosomes were not degraded (Fig. 1) In these experiments, albumin mRNA content is expressed as a function of total RNA in the sample. If the free polyribosomal RNA fraction contained considerably more total RNA relative to mRNA than did the membrane-bound RNA fraction, a high ratio could be obtained without specific segregation of albumin mRNA. Therefore, we prepared poly(A)+ RNA (a fraction enriched for mRNA) from the crude RNA extracts of both membrane-bound and free polyribosomes and analyzed these fractions for albumin mRNA sequence content. As shown in Fig. 3 Ten A20 units of total liver polyribosomal RNA was resuspended in 1 ml of 10 mM Tris-HCl, pH 7.4/0.5% NaDodSO4 and heated to 650 for 5 min. The RNA solution was then cooled rapidly and 140 gl of 4 M NaCl (40) was added. This material was passed over a 2-nl packed oligo(dT)-cellulose column. Unadsorbed RNA was washed through the column with 9 ml of 0.5 M NaCl/0.5% NaDodSO4/10 mM Tris-HCl, pH 7.4. Adsorbed RNA was then eluted with 10 ml of 0.5% NaDodSO4/10 mM Tris.HCl, pH 7.4. Adsorbed and unadsorbed RNA fractions were then ethanol precipitated and dissolved in 40 Ml of deionized distilled water. Aliquots (2 pl) of these fractions at various dilutions were hybridized to albumin [3H]cDNA (-400 cpm). (Fig. 2) . Therefore, this fraction contains 8.5 pg of albumin mRNA per ,ug of RNA. Because we also determined the total recovery of membrane-bound and free polyribosomes (Table 1) , we can calculate the total amount of albumin mRNA in these fractions per g of liver as shown in Table 2 .
DISCUSSION
Previous studies on the distribution of specific mRNAs between membrane-bound and free polyribosomes have been based primarily on measurements of in vitro protein synthesis with identification and quantitation of specific protein products (4, 17, 22, 23) . Other studies have utilized immunological procedures to identify polyribosome fractions containing nascent chains of a protein against which a specific antibody has been Biochemistry: Yap etal. directed (6, 7, 12, 23, 24) [22] [23] [24] .
Recently, it has been found that factors other than specific mRNA levels may influence the amount (either relative or absolute) of synthesis of a specific protein in a cell-free system. Such variations may depend on (i) the nature of the cell-free system (18), (ii) the procedure used to quantitate the specific protein product (11, 17) , (iii) the concentrations of monovalent and divalent cations (25) (26) (27) , (iv) the presence of hemin, polyamines, or other activators or inhibitors of protein synthesis (28) (29) (30) (31) (32) (33) (34) (35) , and (v) the use of purified mixed preparations of mRNA (36) (37) (38) (39) (40) .
With liver mRNA, Tse and Taylor (41) found a 6-fold variation in albumin synthesis in a wheat germ system, depending on K+ AND Mg2+ concentrations. Peterson (42) has also reported differential translational requirements for albumin mRNA compared to total liver mRNA in this cell-free system. In addition, measurement of the relative amount of a specific mRNA by cell-free translation requires functional integrity of the mRNA. Therefore, only a slight modification or degradation of the mRNA may result in differential loss of biological activity. Because most preparations of membrane-bound polyribosomes contain significant amounts of ribonuclease activity (43, 44) , this may lead to an underestimation of specific mRNA in the cell-free protein synthesis method. Other factors that may influence albumin mRNA distribution include the animal species, the method used for polyribosome isolation, and the nutritional status of the animal (S. H. Yap, R. K. Strair, and D. A. Shafritz, unpublished data).
In the present study, we utilized albumin [3H]cDNA to measure albumin mRNA sequence content directly. This assay does not require either in vitro protein synthesis or laborious procedures to identify and quantitate the cell-free product. The results indicate that albumin mRNA is 16-fold enriched in membrane-bound polyribosomes and that this is due to a specific segregation of albumin mRNA. In order to quantitate the amount of albumin mRNA in total liver membrane-bound and free polyribosomes, it was important to use an isolation procedure giving high yields of undegraded polyribosomes. Methods for separation of membrane-bound and free polyribosomes from post-mitochondrial supernatant have been criticized because the yield of membrane-bound polyribosomes may be quite low and significant degradation of membrane-bound polyribosomes may occur (11, 19, 23, 43) . Although we could not obtain quantitative results by these earlier techniques, the ratio of albumin mRNA sequences in membrane-bound to free polyribosomes was still -16:1 (unpublished data).
In the present study using the isolation technique described by Ramsey and Steele (19) , we obtained an excellent recovery of undegraded polyribosomes. Calculations indicate that practically all of the albumin mRNA sequences in rat liver polyribosomes are contained in the membrane-bound fraction. However, free cytoplasmic polyribosomes do contain a low level of albumin mRNA. It is unclear whether this small amount of albumin mRNA in free polyribosomes is due to crosscontamination or represents a fraction of albumin-synthesizing polyribosomes prior to their attachment to endoplasmic reticulum membranes. Because the bulk of albumin mRNA is polyadenylylated and the ratio of albumin mRNA sequences in membrane-bound to those in free polyribosomes is the same for poly(A)+ and total RNA fractions, it would appear that the poly(A) sequence is not a critical feature for association of albumin mRNA with the membrane-bound fraction.
The above findings are consistent with a model for synthesis of secretory protein recently proposed by Blobel and coworkers (45) . According to this model, protein synthesis with newly synthesized mRNA begins on free polyribosomes (initially as monomers, then dimers, then trimers, etc.). As protein synthesis proceeds, the NH2-terminal sequence of the growing nascent chain becomes exposed through the surface of the 60S subunit. This sequence is hydrophobic for all secretory proteins and serves as a signal for attachment of polyribosomes synthesizing secretory proteins to the rough endoplasmic reticulum. Polypeptide synthesis continues vectorially through the membrane, the NH2-terminal sequence ("signal sequence") is cleaved by an enzyme ("clippase") contained within the rough endoplasmic reticulum, and the final product is extruded into the intracisternal space. Therefore, depending on the rate of entry of secretory mRNAs into the cytoplasm, the rate of initiation and elongation of secretory proteins, and the number of hydrophobio sites available on the rough endoplasmic reticulum, a certain proportion of ribosomes containing mRNA for secretory proteins will be found in the free cytoplasmic fraction. However, once mRNA becomes associated with the membrane-bound fraction, in all probability it is not released again unless all nascent chains are completed or released and protein synthesis reinitiation is inhibited. Recently, several investigators have reported evidence consistent with such a model (46) (47) (48) (49) (50) , and Strauss et al. (51) have reported that rat albumin synthesized in a wheat germ cell-free system contains an extra hydrophobic NH2-terminal sequence of 24 amino acids.
In a previous study, we found that RNA extracted from membrane-bound and free polyribosomes of rabbit liver showed little difference in albumin synthesis when translated in a messenger-dependent reticulocyte cell-free system (17) . We suggested that these results were consistent with an interpretation that free polyribosome preparations contained nontranslated albumin mRNA, perhaps as messenger ribonucleoprotein particles. Zahringer et al. (23) suggested another possibility-namely, that the membrane-bound polyribosomes used in the study were dissociated during the isolation procedure and thus contaminated the free polyribosome fraction. Because we had observed a 5-to 6-fold difference in albumin synthesis between membrane-bound and free polyribosomes in the native or intact liver system, this interpretation was unlikely. Based on our present study, the simplest explanation for differences in albumin mRNA content as determined by protein synthesis and by molecular hybridization analysis is unequal translation of albumin mRNA in the various fractions. Although there is no evidence that such variations occur in vivo, the present study clearly demonstrates that 98% of albumin mRNA sequences in rat liver polyribosomes are contained in the membrane-bound fraction.
